La société de protection des plantes du Québec, 1998 Ce document est protégé par la loi sur le droit d'auteur. L'utilisation des services d'Érudit (y compris la reproduction) est assujettie à sa politique d'utilisation que vous pouvez consulter en ligne.
The deliberate introduction of any alien organism into an ecosystem involves a certain degree of uncertainty, and hence risk, since nature is rarely entirely predictable. Thus, classical biological control has to be subjected to a rigorous, scientifically-based risk analysis before an exotic can be released. In the case of fungal pathogens for the biological control of weeds, thèse risks hâve often been considered to be unacceptable, based not on scientific évidence, but on émotive and historical associations with plant disease épidémies. Perhaps this isnotsurprisinggiventhefactthatmany ofthe major food and commoditycrops hâve been decimated in the past by coevolved fungal pathogens which hâve caught up with their hosts in exotic situations often with catastrophic socio-économie conséquences (Large, 1940) . Indirectly, however, such infamous examples from agriculture demonstrate just how effective natural enemies can be, spreading rapidly and efficiently within and between host populations and impacting severely on their productivity. Ironically, the very fact that rigid host specificity has been maintained provides circumstantial évidence to prove that similar coevolved pathogens of weeds are inherently safe and will not expand their host ranges when introduced into exotic environments. This stability of natural enemies has been emphasised recently by Myers (1996) , whilst Marohasy (1996) critically analysed the case historiés of insect biocontrol agents implicated in "host shifts". From the latter study, it was concluded that, although more than 600 insect species hâve been transferred between géographie régions for the biological control of weeds, there hâve been surprisingly few documented cases of expansion of host range. Furthermore, ail of thèse were predictable behavioural responses and not the resuit of genetically-based changes. The use of the term "host shift", therefore, was considered to be inappropriate, and the evolutionary theory, which présuppos-es that non-target plants are at risk from unstable or evolving natural enemies, and logically, that classical biological control is inherently unsafe, was challenged (Marohasy, 1996) . Indeed, one important advantage of biological control over chemical control stratégies is now considered to be its evolutionary stability: in a coevolved association, the natural enemy adapts to genetic changes in the host but to genetically stable outside of this association. Thus, in contrast to chemical pesticides, which hâve been described as "evolutionary evanescent" due to problems of weed résistance (Holt & Hochberg, 1997) , hostnatural enemy interactions are probably permanent, and, therefore, sustainable.
Nevertheless, relativelyfewcountries hâve exploited the use of natural enemies, and especially of fungal pathogens, for biological control of exotic weeds. As McFadyen (1998) observed, despite improved techniques for risk analysis and a good track record, with some notable and even spectacular successes, opposition to the introduction of biocontrol agents appears to be increasing (Howarth, 1991; Simberloff & Stiling, 1996) . Indeed, McFadyen (1998) made an éloquent plea, stressing that unnecessary-necessary and ever increasing bureaucracy and red tape should not be allowed to discourage or disrupt classical biological control initiatives which, for many alien weed problems, offer ".... the only safe, practical and economically feasible method that is sustainable in the long term". The inhérent safety of this approach for the management of the burgeoning invasive weed problem was highlighted by the fact that, after more than 100 yearsof expérience, onlyeight examples of damage to non-target plants hâve been reported, five of which had been anticipated and none resulted in serious économie or environmental damage. Thèse ail involved insect agents but it can be safely assumed that if a pathogen had been implicated then the récriminations would hâve en been far more severe.
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As an in-built safeguard, to satisfy local farmers and the public in gênerai, additional test species representing regionally important crop and amenity plants are also included in the final test list. Indeed, the initial protocol proved to be so stringent that modifications in the testing séquence were proposed in order to reduce the chances of rejecting potentially useful agents (Wapshere, 1989) . However, as pointed out by Evans & Ellison (1990) and Evans (1995) , the safety requirements, and hence the costs of screening fungal pathogens are consistently more complicated than those for insect agents. For example, specificity testing of insect natural enemies of parthenium weed (Parthenium hysterophorus L.) was limited to less than 70 plant species, whilst for pathogens, more than 120 species, and 17 sunflower cultivars, were included in the screens (Evans, 1995) .
Ironically, some of the pioneering, and still the most successful weed pathology programmes were completed before the specificity screening protocol was fully in place. In the oft-quoted example of skeleton weed {Chondrilla juncea L.), 56 plant species were screened against Puccinia chondrillinae Bubak & Sydow in the Mediterranean centre of origin of the host-pathogen, before the rust was released in Australia. Within a relatively short period of time, weed infestations had been reduced by 99% to a density approaching that recorded in Europe (Cullen & Hasan, 1988) , with an estimated annual saving of over US$12 millions resulting from increased crop yields and reduced herbicide usage (Mortensen, 1986) . Control has proven to be sustainable and the pathogen so spécifie that previously unknown but non-rusted biotypes of skeleton weed were identified within the susceptible population. In the case of mistflower, Ageratina ri paria (Regel) K. & R., the white smut {Entyloma ageratinae Barreto & Evans) was introduced from Jamaica into Hawaii in the early 1970s after screening against a relatively short and disparate host test list and, perhaps more contentiously, with only rudimentary knowledge of its taxonomy and true origin (Barreto & Evans, 1988) . Such basic information is now a necessary prerequisite before host range screening can even be initiated.
Some récent projects undertaken by CABI Bioscience can serve as examples of the problems encountered in host specificity testing of exotic pathogens and the risk analysis involved. Screening of the rust, Puccinia abrupta Diet & Holw. var. partheniicola (Jackson) Parmelee, a potential biocontrol agent of Parthenium hysterophorus from Mexico, resulted in the development of a strong hypersensitive reaction on several sunflower cultivars. Since this is an important crop in the target area (Queensland), the assessment panel in Australia, made up of quarantine personnel and state scientists, decided that the rust should be screened against thèse cultivars under extrêmes of climate, on the assumption that the stressed plants may become susceptible to the pathogen. Fortunately, no further symptoms developed, but thèse supplementary tests added an extra year to the project, delaying release of the rust in Australia (Parker et al., 1994 ). An even more problematic case concerned the rust Maravalia cryptostegiae (Cummins) Ono and its rubber-vine host, Cryptostegia grandiflora Roxb. ex R. Br. (Asclepiadaceae), from Madagascar; which is a major invasive weed in Queensland, Australia. After screening of over 70 tests species with no adverse results, a newly described species of the Australian Asclepiadaceae, Cryptolepis grayi Forster, was received for inclusion in the screens. Low levels of rust inoculum failed to induce symptoms on this species but, at saturation levels, several of the test plants developed symptoms of infection with the formation of fertile rust pustules (Evans & Tomley, 1994) . Despite the fact that the sori developed much more slowly and were significantly smaller and fewer in number than on the rubber-vine weed, there was still cause for concern. However, in addition to a macroscopic assessment, screened test plants are also routinely examined microscopically, using a clear staining technique (Bruzesse & Hasan, 1983) , and, thus, additional évidence to show that résis-tance mechanisms were in opération could be presented to the décision makers in Australia. The consortium of state quarantine committees voted to approve release of the rust, concluding that the threat posed by the weed to biodiversity in the région, as well as to agricultural activities, far outweighed the risks to a single native species. It was also argued that C. grayi is a rare plant in a threatened habitat, geographically isolated from rubber-vine infested areas and environmentally unsuitable for the rust (Evans & Fleureau, 1993) , and, moreover, that it is probably not a natural field host but becomes predisposed to infection in greenhouse tests due to a combination of optimum infection conditions and unrealistic inoculum levels. Wind tunnel experiments to simulate field infection, hâve since supported this hypothesis (Evans & Tomley, 1996) . A similar prédiction of the low risks posed to native susceptible Heliotropium spp. by the European rust, Uromyces hel iotropi i Sre6\r\sk\ was made by Hasan & Delfosse (1995) . Again, permission was granted by the Australian quarantine and wildlife officiais, following peer review, to introduce the rust for control of the exotic weed Heliotropium europeaum L. Bruckart et al. (1996) re-emphasised the problems with and fréquent ambiguous ("equivocal") results from controlled greenhouse screens with symptoms developing on non-target species, and described a novel approach now used in the USA to further evaluate the risks of using classical biological control agents which produce "equivocal" results in host range tests. In this analysis, field data on the behaviour of indigenous plant pathogens is included to predict that of the exotic agent. In one case study, when a strain of Puccinia carduorum Jacky from Turkey, being evaluated for control of musk thistle in the USA induced symptoms on globe artichoke, comparisons were made with an endémie strain of the same rust species which attacks slenderflower thistle in California. Despite the fact that globe artichoke is grown widely in this région, the rust has never been reported on it, nor, indeed, are there records of this or any other rust associated with artichoke in Europe, where this crop and rusted musk thistle are sympatric. Thus, it was concluded that the exotic rust strain had a strong "préf-érence" for musk thistle and that even if it infected artichoke in the field then damage would be minimal and hence the risk acceptable. Subséquent field trials in the USA, in which globe artichokes amongst other potential hosts were grown amongst heavily rusted musk thistle plots, supported this interprétation since, over a three-year period, only a single rust pustule was detected on the crop plant (Baudoin et al., 1993) . Approval for this "limited" field test was given by APHIS (USDA Animal and Plant Health Inspection Service), based on accepted guidelines (Klingman & Coulson, 1982) , and on the assumption that, if the results showed the pathogen to be a high risk factor, then it could be eradicated. Even though the expérimental site was selected in a low musk thistle area, to try to eradicate an exotic organism once released into a new ecosystem, particularly a highly mobile rust fungus, would be unrealistic and somewhat naive. Greathead (1995) concluded from field expérience of invasives that eradication is seldom feasible, whilst McFadyen (1998) stated categorically that, " Classical biocontrol is irréversible -an agent once widely established in a new country cannot be eradicated..." A final part in the risk analysis équa-tion concerns not the potential threat posed by the alien biocontrol agent to non-target plants but, ironically perhaps, to the weed populations themselves in those situations where the plant has économie or ecological benefits to the local populace orfauna. Such conflicts of interests with the weed Paterson's curse or Salvation Jane {Echium plantagineum L.) in Australia led to the most contentious dispute in the history of biological control and resulted in the Biological Control Act of 1984 which provided, for the first time, a légal basis for the introduction of biocontrol agents (Cullen & Delfosse, 1985) .
INUNDATIVE BIOLOGICAL CONTROL (MYCOHERBICIDES)
Since one of the initial requirementsfor a successful mycoherbicide was considered to be that the fungal agent had to be a target-specific (indigenous) pathogen, the risks involved to nontarget species were regarded as minimal (Daniel et al., 1973) . Nevertheless, because there was no existing protocol for the use of biologicals at the time, "....industry would not consider commercialisation without guidelines for registration" (Templeton, 1992) . The latter author détails the steps taken to assure safety and promote public acceptance of Collego, one of the first registered mycoherbicides, for control of northern jointvetch [Aeschynomene virginica (L) B.S.P.) in the southern USA, and based on Colletotrichum gloeosporioides (Penz.) Sacc. f. sp. aeschynomene.
During this pioneering study, close collaboration was maintained with the U.S. Environmental Protection Agency (EPA), which later led to the publication of guidelines for the registration of mycoherbicides, and of biorationals in gênerai. Templeton (1992) noted that thèse were less complicated than those initially required for the registration of Collego, a process which took 13 years, and argued that thèse should be further simplified, particularly relating to toxicology and environmental fate, in order to reduce the considérable registration costs, and thus promote interest in and development of mycoherbicides. He further argued that, although stringent régulations were essential at the time, in order to avoid any négative impacts which would hâve dealt a body blow to biocontrol programmes in gênerai, twenty years of field expérience with the pioneering commercial products, as well as with over 100 expérimental products, had shown them to be environmentally safe, genetically stable and with high public acceptance. However, Collego was later discovered to be non-host spécifie following additional greenhouse and field testing involving a disparate range of leguminous gênera. Crop species in the gênera Lathyrus, Lupinus, Vicia and Pisum were found to be mildly or moderately susceptible to Colletotrichum gloeosporioides f.sp. aeschynomene (TeBeest, 1988) . Nevertheless, this was considered an acceptable risk, and did not affect product development and subséquent commercialisation, since Collego is targeted exclusively for use in rice cultivation far removed from susceptible leguminous crops.
A similar extension of host range was later shown by C. gloeosporioides. f. sp. malvae, registered as BioMal in Canada for control of round-leaved mallow (Ma/va pt;s/7/aSm.). In this case, registration was only approved after it had been demonstrated after extensive field testing, that the risk to susceptible crops (safflower) was acceptable (Greaves, 1996) . Significantly, in the light of récent developments, the strain of Phytophthora paimivora used in DeVine, one of the first mycoherbicides, was known to attack cucurbitaceous crops, such as melon, but, since the product was designed for use in orchard crops, particularly citrus, it was assessed to be safe if not applied within a specified distance of annual crops (Ridings, 1986; Kenney, 1986) . Such sélective, site-specific application was based on the knowledge that gênera, such as Phytophthora and Colletotrichum, hâve relatively inefficient dissém-ination mechanisms, and thus would not pose a threat to non-target crops if thèse were grown outside of the pathogen's known maximum dispersai range. Instructions to this effect would, of course, be included on the product label. The development of DeVine was a pioneering venture in more ways than one, since it also demonstrated the feasibility of exploiting virulent crop pathogens for weed control. Patently, their use nécessitâtes prior in-depth epidemiological studies before risk analyses can be made. Such a comprehensive investigation was undertaken in the Netherlandsto assessthe risks involved in using the silverleaf fungus, Chondrostereum purpureum (Pers. : Fr.) Pouzar, for control of black cherry, Prunus serotina Ehrh.; a North American species which is now an invasive weed in pine plantations and a threat to native trees (de Jong et al., 1990) . This is also a well-known pathogen of commercial Prunus spp., including cultivated cherry, plum and ornamentals. A conceptual and later a simulation model were developed, based on epidemiology, micrometeorology and air Threat to non-target plants.
Probability of and extent of damage to non-targets (e.g. value of crop loss.) Réduction or avoidance (e.g. developing mutant strains by genetic manipulation; changingfarming practices.) "Risk référées" (e.g. quarantine or state authorities, farmers, conservationists.) pollution data, in order to predict the risks posed by artificially-increased populations of the pathogen to nontarget hosts. Inoculation experiments using mycelial préparations, were also used to supplément thèse models. It was found that the risk to non-targets is high up to 500m from the treated area but negligible at 5,000m. Subsequently, the Dutch Plant Protection Service confirmed that the use of C. purpureum for control of P. serotina was acceptable, except in those situations where the site to be treated was within 500m of commercial fruit-growing. A mycoherbicide, Biochon, is currently under development. Figure 1 shows the components of risk analysis identified and defined during the study (de Jong et ai, 1990) . The use of this pathogen to control weeds deciduous trees in conifer plantations is also being contemplated in Canada (Prasad, 1994) .
DICUSSION
The over-riding concern, to both regulatory authorities and to the public in gênerai, in using fungal pathogens for control ofweeds, istheir potentialthreat to non-target plants. This is especially relevant to classical biological control where exotic pathogens are introduced into new ecosystems. The International Union for Conservation of Nature and Nature Resources (IUCN) issued a position statement relating to the translocation of living organisms in order to avoid the potential disastrous consé-quences of poorly planned (i.e. non scientific) introductions and to aid dé-cision making (IUCN, 1987) . Guidelines were given for intentional or bene-ficial introductions in which it is stated that "No alien species should be deliberately introduced into any natural habitat....", which, if interpreted correctly, would preclude classical biological control for the management of many invasive weeds. The essential steps in planning an introduction were detailed, including an assessment phase culminating in a décision on the desirability of the introduction, based on "a risk-and threat analysis". This was recently followed-up by a code of conduct for the import and release of exotic biological control agents (FAO, 1996) , with one of the main objectives of promoting the safe use of biocontrol agents. Amongstthe main responsibilities of the importer should be the prép-aration of a dossier on the agent which identifies potential hazards and analyses the risks involved; the relevant authorities can use this dossier to undertake a pest risk analysis, whereby risks for non-target organisms are assessed and risk-mitigating procédures are identified. Thus, scientific guidelines are now in place to ensure the safety of classical biological control agents. However, it should be stressed that ail the fungal pathogens released so far into exotic environments hâve undergone some form of scientific risk analysis because, as Cook et al. (1996) state: "It is axiomatic that no responsible scientist involved in the development and implementation of microbial biocontrol would deliberately introduce.... a microorganisms with known potential for an unmanageable adverse effect....". Central to the risk analysis is host range testing and the phylogenetic or macroevolutionary approach currently in use is considered to be an extremely useful tool in risk assessment (Weidemann, 1991; McClay, 1996) . However, thèse authors also proposed that a microevolutionary or genetic assessment should also be made to détermine any genetic variability in the host-pathogen associations and hence the risks of host shifts, but, since this will add considerably to the costs involved and delay introductions, is it necessary? In contrast, risk analysis of indigenous fungal pathogens applied for inundative control is now based more on epidemiological studies, rather than as critical host range testing, particularly since more plurivorous pathogens are being evaluated.
